REPORT DOCUMENTATION PAGE

. Recipient’s Reference | 2. Originator’s Reference | 3. Further Reference 4. Security Classification
of Document
AGARD-R-734 ISBN 92-835-0426-7 UNCLASSIFIED

-Originator  Advisory Group for Aerospace Research and Development

North Atlantic Treaty Organization
7 rue Ancelle, 92200 Neuilly sur Seine, France

6. Title THE FLIGHT OF FLEXIBLE AIRCRAFT IN TURBULENCE —
STATE-OF-THE-ART IN THE DESCRIPTION AND MODELLING OF
ATMOSPHERIC TURBULENCE

7. Presented at

the 63rd Meeting of the Structures and Materials Panel of AGARD in Athens,
Greece, 28 September—3 October 1986

8. Author(s)/Editor(s) 9. Date
Various December 1987
10. Author’s/Editor’s Address 11. Pages
Various 188
12. Distribution Statement This document is distributed in accordance with AGARD
policies and regulations, which are outlined on the
Outside Back Covers of all AGARD publications.
13. Keywords/Descriptors
Turbulence Data reduction
Aircraft Accelerometers
Flight characteristics Airborne equipment
Surveys
14. Abstract

The Structures and Materials Panel of AGARD is studying the Flight of Flexible Aircraft in
Turbulence. This, the first section of a two-part report, contains presentations given at the first of
two Workshops on the subject; topics covered here are (a) Measurements of Turbulence by
Specially-equipped Aircraft and (b) Data Collection and Reduction of Incremental Accelerations
observed in Commercial Flights.




AGARD-R-734

3
DIBREARY
RESEARCH REPORTS DIVISION
AVAL PDSTGRADYATE SCHOOT
MONTER! ALIFORNIA 83940

AGARD-R-734

/E\(G3/8\) B3 D)

ADVISORY GROUP FOR AEROSPACE RESEARCH & DEVELOPMENT

7RUE ANCELLE 92200 NEUILLY SUR SEINE FRANCE

AGARD REPORT No.734

The Flight of Flexible Aircraft in

Turbulence — State-of-the-Art in the
Description and Modelling of
Atmospheric Turbulence

AN

NORTH ATLANTIC TREATY ORGANIZATION — =

%




AGARD-R-734

M 19pY

NORTH ATLANTIC TREATY ORGANIZATION

”

ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT / ‘jat/p%/)

7

(ORGANISATION DU TRAITE DE I’ATLANTIQUE NORD)

AGARD Report No.734
. THE FLIGHT OF FLEXIBLE AIRCRAFT IN TURBULENCE —
g—\
STATE-OF-THE-ART IN THE DESCRIPTION AND MODELLING

OF ATMOSPHERIC TURBULENCE
x_ﬁ—

Papers presented at the 63rd Meeting of the Structures and Materials Panel of AGARD in Athens,
Greece 28 September—3 October 1986.



THE MISSION OF AGARD
The mission of AGARD is to bring together the leading personalities of the NATO nations in the fields of science and
technology relating to aerospace for the following purposes:
— Exchanging of scientific and technical information;
— Continuously stimulating advances in the acrospace sciences relevant to strengthening the common defence posture;
— Improving the co-operation among member nations in aerospace research and development;

— Providing scientific and technical advice and assistance to the Military Committee in the field of aerospace research
and development (with particular regard to its military application);

— Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations in
connection with research and development problems in the aerospace field;

— Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

— Recommending effective ways for the member nations to use their research and development capabilities for the
common benefit of the NATO community.

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior
representatives from each member nation. The mission of AGARD is carried out through the Panels which are composed of
experts appointed by the National Delegates, the Consultant and Exchange Programme and the Aerospace Applications
Studies Programme. The results of AGARD work are reported to the member nations and the NATO Authorities through
the AGARD series of publications of which this is one.

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.

The content of this publication has been reproduced
directly from material supplied by AGARD or the authors.

Published December 1987

Copyright © AGARD 1987
All Rights Reserved

ISBN 92-835-0426-7

Printed by Specialised Printing Services Limited
40 Chigwell Lane, Loughton, Essex IG103TZ

il



FOREWORD

The papers collected together in this document were presented at a Workshop held by the Structures and Materials Panel
on the Flight of Flexible Aircraft in Turbulence. Discussion centered on the collection and analysis of turbulence data obtained
from commerecial flights and also from specially equipped aeroplanes.

The reason for resuscitating a topic covered very fully by the Structures and Materials Panel some fifteen years ago is that
the new technical capacity which has become available makes it possible to enlarge the existing data banks by a large factor and,
furthermore, to improve the descriptions of atmosphere, (derived from all too few flight hours), which is still the foundation of
the relevant airworthiness regulations.

Three of the presentations deal with the means for measuring actual time histories of turbulence, and the spectrum
associated; most of the others took advantage of the Aircraft Integrated Data System (A.LD.S.) to propose methods for
collecting acceleration data and deriving gust statistics.

It is hoped that this comon effort will improve our knowledge of an environment which is of great importance for the new
generation of aircraft being designed in the NATO community.

G.COUPRY

Chairman, Sub-Committee on
The Flight of Flexible Aircraft
in Turbulence

iii



ABSTRACT

The Structures and Materials Panel of AGARD is studying the Flight of Flexible Aircraft in Turbulence. This, the first
section of a two-part report, contains presentations given at the first of two Workshops on the State-of-the-Art in the
Description and Modelling of Atmospheric Turbulence; topics covered here are (a) Measurements of Turbulence by Specially-
equipped Aircraft and (b) Data Collection and Reduction of Incremental Accelerations observed in Commercial Flights.

Le Groupe de TAGARD chargé de I’étude des Structures et des Matériaux étudie actuellement le vol des avions flexibles
dans les turbulences. Ce document, qui est le premier chapitre d’un rapport comportant deux parties, contient les exposés qui
ont été présentés lors du premier de deux ateliers sur I'état de I'art en ce qui concerne la définition et la modélisation de la
turbulence atmosphérique; les themes abordés ici sont: (a) Mesures des turbulences par des avions spécialement équipés et (b)
Procédures de recueil et d’exploitation des données concernant les incréments d’accélération observés sur les vols
commerciaux.
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STATUS REVIEW OF ATMOSPHERE TURBULENCE
AND AIRCRAFT RESPONSE

by

J.C.Houbolt
Chief Aeronautical Scientist
NASA Langley Research Center
M.S.243, Hampton, VA 23665
USA

ABSTRACT

A brief review is made of where we stand presently with respect to our
understanding of aircraft encounter of atmospheric turbulence, both from the point of
view of describing or modeling the turbulence and with respect to our ability to
calculate resulting airplane loads.

Some of the more recent studies of gust measurements and of reducing airline gust
response data are discussed. Special attention is given to gust analysis requirements
as involved in airplane certification and whether there is a need for additional or
different requirements. The paper concludes with the review of a recent study in which
amazingly simple and universal gust response equations were discovered; the possible
impact of these new findings on future work is indicated.

LIST OF SYMBOLS

Symbol: Definition:
a slope of the 1ift curve
A response transfer coefficient as in o,pn = Aoy
r aspect ratio
c wing chord
- wce
Kk reduced frequency, k v
nNoc
k reduced frequency for zero crossings, k0 2 =
I wgC
kS reduced short period frequency, kS i
L integral scale
i = L
No zero crossing per second, No b k0
S wing area
Ug> Ugs Uy various gust intensity design values
v airplane speed
W airplane weight
a angle of attack for airplane in level flight referred to the CL = 0
crossing point
AN incremental load factor due to gusts
n number of standard deviations
M mass parameter = Al
s U ang§
o air density
Oy rms value for gust intensity
w
9y combined severity and scale parameter, oy = 5T 173
' (_E_—)
¢y power spectrum for gusts
w angular frequency

Q a reduced frequency, o = —%—
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INTRODUCTION

This report gives a brief review of where we stand today with respect to measuring
atmospheric turbulence, of modeling the turbulence in convenient analytical form for
design use, and of our ability to design airplanes for turbulence encounter. It is
perhaps worthwhile to mentign that these considerations were covered in two review
papers of some years ago.t: Although the basic points and findings presented in
these two papers still stand, there have been limited continuing efforts to obtain
turbulence data, both in specialized and routine flights, and to reduce and interpret
these data in a more consistent or universal manner. In turn the question arises of
whether we need changes or improvements in our design approaches. It is fitting,
therefore, that we get together to discuss some of our more recent findings and concerns
about airplane turbulence encounter. The present report is not exhaustive in its
coverage; the main attempt is to bring out some of the key concerns that are on the
horizon so as to set the stage for discussion and interchange in this workshop.

MEASUREMENT AND ANALYSIS OF TURBULENCE

About a year ago, Murrow gave a paper before this group reviewing a number of
turbulence study efforts that had been or were going on in the U.S. He is giving an
update to this paper today. In addition, 7 or 8 other papers are to be presented which
review the work that has been going on in the U.S. and several countries in Europe on
the measurement and analysis of atmospheric turbulence through the use of instrumented
airplanes. I will, therefore, leave the review of the measurement and analysis of
turbulence up to the authors that we will hear from subsequently in this workshop.

REDUCTION AND INTERPRETATION OF GUST ACCELERATION DATA

It has been a standard procedure to take measured airplane vertical acceleration
data and to deduce the effective gust intensity that produced the acceleration by means
of the equation

An = —3%%1- K U, (1)

where K is the Kg curve shown in figure 12, The prime assumptions that led to this

equation are that the airplane is a point mass with vertical degree of freedom only, and
that the gust is a discrete gust that is uniform in the spanwise direction. When power
spectral methods are considered, a similar equation results, except now it is found, as
shown in the figure, that the alleviation factor K is not only a function of the mass

2L ‘
parameter y but also on the parameter — , where L is the integral scale of

c
turbulence. It is seen, then, that if measurement airplanes of different chords are
used (and if L for a given altitude is chosen fixed) that the deduced value of Ug

2L

using the appropriate — curve will be quite different than the value found by using the
c 2L

Kg curve. Coupry has found that, through use of a family of — curves similar to that

shown in figure 1, the deduced value of U, tend to fall in a more consistent and
narrower pattern {(a less scattered curve formation) than obtained by use of the Kg
curve.

There is, however, an important item still missing. Figure 1 results are for a
single degree of freedom airplane. The results should be derived on the basis that the
airplane has two degrees of freedom, namely vertical motion and pitch. Later in this
paper results based on a two degree freedom system will be presented.

AIRCRAFT CERTIFICATION DUE TO GUST ENCOUNTER

In the U.S. there has been essentially no change for many years in the gust design
requirements outlined in the FAR and in the Military Specifications, and no change seems
to be forthcoming. Design is still largely based on the discrete gust formula (equation
1), and on the use of a power spectral approach. I would like to observe that the
values of P and b, the proportion of time in turbulence and turbulence severity, as used
in the PSD approach, have been for years regarded as "too severe," but they remain
unchanged. As an attempt to improve this situation, updated P and severity values were
derived and published in reference 4. I believe these updated values should be taken
into account in any further deliberations we may have on changes or improvements in our
design approaches.

IS THERE A NEED FOR A CHANGE IN GUST DESIGN PROCEDURES

Although the gust design procedures have essentially remained the same for years,
at least here in the U.S., there is concern expressed from some quarters that perhaps
some changes or additions to the design procedures are needed. Interest in changes has
been especially focused because of a particular Statistical Discrete Gust analysis
method that has been advocated by Jones of RAE Farnborough. In an attempt to bring out
the concerns of various individuals more clearly, a gust specialist meeting was held in
San Antonio, Texas, May 22, 1986.
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The following is a listing in abbreviated form of some of the concerns or positions
that various individuals expressed; this listing serves to indicate the tenor of the
meeting.

1. There was concern that yet another method might be added to the six already
required to obtain FAA/JAR certification (the six cited were: static elastic,
PSD design envelope, PSD mission analysis, discrete tuned gust (CAA),
round-the-clock and negative gusts (RLD).

2. Different methods give different loads:
a. Static elastic gust loads gave original design
b. Uo = 85 gave lower loads
c¢. 50 fps tuned gust and round-the-ciock gusts gave greater weights
d. Tuned discrete "too severe"

3. No difficulty in the PSD approach to handle balanced loads

4. PSD approach has practical probliems

5. Time domain analysis should be used, particularly to handle non-linear systems

6. The Statistical Discrete Gust method should be developed further, especially as
a tool for handling non-linearities

It is clear from this listing that the Structures and Materials people of AGARD
must get together to form jointly a list of concerns that represent a consensus, and
then to take steps to resolve these concerns. I offer a few comments about some of the

items in the listing. Regardiess of the design method, there is one item of
commonality; that is, the gust severity must be stated in some way. The fact that
different methods give different loads suggests that the severity values have not been
chosen in a consistent way.

In a way the choice of gust severity values is sort of arbitrary, and is a way of
covering up all our sins or ignorances in the simplifying assumptions we make in our
analyses. Consider the incremental vertical acceleration that three different methods
might indicate: the discrete gust approach may yield
an = .03 Ugq4

while the power spectral approach may give
an = 0175 Uy

and the tuned gust method indicates
an = .0333 Uy

We note that if we choose

Ug = 50 fps
Us = 5.7
Ut = 45

then all three approaches lead to the same incremental load factor of 1.5. My feeling
is that we have not done enough study of the type illustrated by these examples to
establish the gust severity values in our various approaches, or to see if a consistent
set of severity values can be established which, when applied to past aircraft, lead to
consistent design loads.

With respect to the power spectral approach, I have found that it 1s quite
versatile and can do just about anything that any other method can do. If individuals
have found some difficulty in applying the approach, these difficulties should be
brought out; 1 feel sure ways can be found to solve the apparent problem. Reference 1
and 5, for egample, give ways for handling combined lToads, in spite of the fact that
some felt that this was not possible.

With respect to the Statistical Discrete Gust approach, I must admit that it
appears complicated, that there seems to be a mystic or magic about it, and that the
terminology used is confusing. I do not know that it has any real value or
credibility. This situation suggests the following. Before the community at large can
evaluate the SDG approach or understand its value the following should be done:

1. Outline the approach in a clear step by step manner, devoid of any needless
jargon.

2. Show its application by way of a few examples, not connected with proprietary
interests.
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3. Show why it is considered to be necessary or. what it can do that other
approaches cannot.

4., Bring all interested parties together to make sure they all understand it
clearly.

Through steps of the nature indicated gust specialists would then be better able to
evaluate its usefulness, and in turn, judge whether it should be introduced as another
analysis tool.

At the same time consideration should be given to another analysis approach, namely
a time domain procedure. As an example of this approach, reference 6 presents a direct
time history method for establishing gust loads for the often used case of an airplane
with vertical motion freedom only. Gusts are synthesized in a Monte Carlo fashion to
provide for a rather realistic nonstationary type of gust encounter. Figure 2, taken
from reference 6 (figure 14 of this reference), illustrates the nature of the results
obtained. The turbulence is seen to be quite nonstationary and very realistic in
appearance; notice the isolated type gusts, and even the recurrences of large gusts in
sequence. With the computer power we have available today there is no reason why the
procedure given in this reference cannot be expanded to include two or more degrees of
freedom. Direct time histories of loads would result, and no ambiguity in the
interpretation of these loads should be present. Further development of this direct
time history approach is highly recommended.

A word should be said about nonlinear systems. The argument is sometimes
presented that newer design approaches, such as the SDG method, are needed to handle the
response of nonlinear subsystems--such as gust load alleviation. I wish to caution that
this argument is subject to question. When we analyze the response of an airplane to
turbulence we make a number of simplifying assumptions--for many years, for example, we
treated the airplane as a point mass with vertical motion only. The gusts felt by the
airplane act in all directions, yet we treat the longitudinal and lateral response
separately. We assume the gusts are uniform across the spans, but we know there is a
spanwise variation just as there is a variation along the path of the airplane. The
errors introduced by all these assumptions may easily equal or exceed any error that is
introduced by treating a nonlinear subsystem in a linear way. Thus, there is little
point in refining or introducing a new analysis so as to be able to take certain
nonlinearities into account precisely, when all the rest of the assumptions are left to
first order crudeness. The treatment, for example, of the airplane as a single degree
of freedom or as a two degree of freedom system leads to vastly different response
results, as a later figure will show.

SOME MEW REMARKABLY SIMPLE RESPONSE EQUATIONS

We hear rumblings that there are already too many qust analysis procedures. 1 must
confess that 1 am going to compound the situation by showing the basis for still another
approach. The results presented in this section are from some analyses 1 have made over
the past several years. Just by rearranging the governing response equations in
slightly different form, and by introducing a basic flight condition, I have found that
the gust response results could be made to condense to an amazingly simple form. Only a
summary of the results is given, without the supporting amalysis. I urge gust
specialists to study these results, and reexamine their analyses on the basis of the
notions presented here; it is hoped that they will confirm these new findings and that
they find their results also condense in similar fashion.

The analysis is a power spectrum approach and is based on an airplane with two
degrees of freedom, vertical motien and pitch. Spanwise gust gradients are taken into
account. The point spectrum chosen is the von Karman spectrum, but written in the
following form:

(225301 + § (1,339 2 07

2
o,(k) = o (2)
” Lo+ (1339 Zg?) 16
2
2 Tw
where 01 = 7T 2/3 (3)
(2

This is an important step; it makes all the spectra pass through the same points at
high frequencies, regardless of the scale of turbulence, see figure 3.

We should note that the inclusion of the pitch degree of freedom has a pronounced
influence on the output response. To illustrate, figure 4, taken from reference 7,
compares the distribution of response power for a single degree of freedom airplane with
the two degree of freedom case. Even though equation 2 was used in both cases, we note
that there is a lot of response at Tow frequencies for the single freedom case, and that

2L
the results depend on - By contrast, the response power at Tow frequencies is



virtually eliminated for the two degree of freedom airplanes, (because of airplane

weathercocking), and instead the response power tends to concentrate around the short

period frequency; we also find, because of the way we arranged equation 2, that the
2L

response is essentially independent of the value of e

The response equation for incremental vertical acceleration is found to be
ap SV
AR = K(nol) (4)

—E—g-u—- K(T‘ldl)

2
where y = T refers to a chosen number of standard deviations, and where K is an

alleviation factor given by

1/2
K =[] fg £, f, 3 dk] (5)

In the equation for K, fg is the airplane transfer function, f; is the unsteady Tift
function for gust pgnetration effects, f, takes into account spanwise gust variation

effects, and f, =

L reflects the input gust spectrum as given by equation 2.
3 9y 2
The specific equations used for the f; and f, are (unpublished work of the author)
1
= 77
1 1 + 2.32vk + vk
1 + .55 Ark
R e
! L . v
1.5 Ap
where v = 5 7 ArB

g =v 1 - M

With the use of these f; and f; functions, there is no difficulty found in
establishing realistic values of No» the zero crossing parameter.

The analysis was applied to a number of different airplanes. 1In a remarkable way,
it was found that K could be given in very good approximation by

K = .95/ (6)

for all the airplanes studied, and for practical purposes the results were found to be
2L
essentially independent of -

It is now useful to introduce the level flight conditions of the airplane, namely

a 2
N=Tpv Sa

where o is the angle of attack necessary to maintain level flight, relative to the
Ci = 0 crossing point of the C_ versus o curve, see figure 5. This equation yields

v =y “:9 (7

If equation 3, 6, and 7 are inserted in equation 4, the value for an condenses to the
following simple and universal result.

.07497 n oy

An = (8)
c1/6 o L 173

Tw

Note, apart from the gust parameter 77 the value of an is dependent esentially
L
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only on a; the speed of the airplane, the weight, and the altitude are all automatically
taken into account. The chord ¢ enters in only a secondary way because of the
sixth-root variation.

e}

W
Now further, the value —73 is a combined parameter and it should be treated
L

as such; there is no need to try to separate the severity o, and the scale L values.
Consider turbulence data as obtained from an instrumented airplane. Generally, measured
turbulence leads §7 well defined spectral values in the straight line portion of the
spectrum (the @ ~°/3 fall-off portion), see figure 6. Equation 14 in reference 1

W
indicates that by taking any point along this straight line portion, the value of —I73
L

is given by

w 5/3 1/2

e [1.919 g, o, (21)] (9)

Ow

Thus, = is a combined parameter that falls out naturally from measured spectral
L
values; there is no need to establish separate values for oy and L.

Another point of interest can be made from equation 9. The equation indicates that
w

173 is a constant for a given set of spectral data; thus
L

awotL]'/3

If we liken o, to gust severity U, and L to gust gradient distance H, then we have

U o< H1/3
a result which Jones has observed in his SDG approach. Thus his result obtained from
examining sequential discrete type gust is not too surprising, since it apparently can
be predicted by the power spectral approach.

The analysis also indicated the following general expression for all airplanes
studied

v 1.084
No = ¢ %o = T8
.496
ko=TTzrs
.8
k° = 1.29 kS

A sumary of the results obtained when the Dryden type spectrum (g -2 fall-off)
was used is as follows :

1547 "%y
An =
) Yy L
v 858
N = k = (10)
(4] wC 0 Y Ca
475
k =
0 v ou
k =1.9 k
o] S
2
w ™ 2
= —q ¢ (a)
L 3 1 w 1
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The results for the load exceedance curves are also greatly simplified, but these
results are not presented here.

Besides the simplified design equations, the results of this section provide a new
way to deduce gust severity levels from measured acceleration data. Thus, if equations
3 and 6 are substituted into equation 4, the result is

v
an = .013211 U (11)
2y

o

w
where UL = q E—T73— ; in this form V is in fps, and ¢ is in feet. This equation is of

universal form; the use in deriving characteristic atmospheric values of U from
measured An's is recommended, just as Uy has been derived from an equation like
equation 1 in the past. It is estimated that design values for Y. will be around 10.

We conclude this section by speculating what equations 8 and 10 might look like when
presented in a design application form. Assume the equations have been applied to a
number of existing aircraft in retrospect manner; essentially the intent would be to
derive design choices for

Tldw \'\Ow

-7 o —pr - When examined in this way, results of the following very simple
L

and generalized form may, for example, be found.

For a von Karman type spectral input,

15 6 .50

n
—
—

An

1
15 & g |
ar an = 1.5 |( |
C L+ |

or An = 1.5 { ) et
c 5 CL
and for the Dryden type spectral input,
.50
An =
Y a
or an = 1.5

/ .11
o
/a .55
or Aan = 1.5 s—r'
L

where ¢ is in feet and o in radians represents the level flight angle of attack that is
associated with some sort of average cruising condition for the airplane. The
application of these amazingly simple equations gives directly the design incremental
load factor for gust encounter. All conditions of flight speed, weight, and altitude
are automatically taken into account. The consideration of these equations and the
specific evaluation of the appropriate coefficients are recommended.

CONCLUDING REMARKS
The coverage in this paper indicates the following recommendations:

1. A unified and consistent way should be agreed upor for reducing gust
acceleration data to gust severity values.

2. The P's and b's in the design regulations should be updated.

3. Gust severity levels in the various design approaches should be evaluated so as
to give consistent design load values.
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4. The SDG approach should be listed in a clear and simple step by step manner,
and its advantages over other approaches, if any, should be brought out clearly
by examples.

5. Consideration should be given to the development of a direct time history
method for calculating gust loads, similar to the procedure used in reference

6.
9w
6. Spectral data should be evaluated to yield the ——— parameter as given by
equation 9. 1/3
L

7. The simplified gust design procedure presented herein should be examined for
its universal applicability. ‘
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Figure 1.- Discrete and spectral equations for gust loads.
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Figure 2.- Record portions illustrating the gusts and airplane response time histories.
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A SUMMARY OF ATMOSPHERIC TURBULENCE MEASUREMENTS
WITH SPECIALLY-EQUIPPED AIRCRAFT IN THE U.S.A.

By H. N. Murrow
NASA Langley Research Center
Hampton, Yirginia 23665

ABSTRACT

This paper summarizes the technique of measurement of atmospheric turbulence in the
form of true gust velocity. Specific aspects pointed out are related to NASA programs
conducted over the last 15 years. Liberal use is made of references for details. Some
recommendations resulting from a Spring 1986 workshop on atmospheric turbulence are also
presented.

LIST OF SYMBOLS

[} distance between inertial platform accelerometers and flow
direction sensors

Vaxs Vay,vaz east-west, north-south, and vertical aircraft velocities

) true airspeed

AY airspeed increment from the mean value, referenced to beginning
of data run

g rms value

¥ heading

a angle-of-attack

8 angle-of-sideslip

0 pitch attitude

) roll attitude

AY heading increment from mean value for the run

bar over a symbol indicates mean value for a data run
. dot over a symbol indicates time derivative

INTRODUCTION

A number of flight investigations have been conducted to measure atmospheric
turbulence. 1In many cases the aircraft itself is the sensor and values of "derived"
gust velocity are provided using the relationship shown on the left hand portion of
figure 1. Useful comparisons can be made of gust encounter statistics between differ-
ent aircraft with a differentiating parameter that includes wing loading, lift-curve
slope, and a gust alleviation factor. The actual air velocity fluctuations in the
atmosphere, or true gust velocity, however, can be determined if a sensor with good fre-
quency resonse characteristics, such as an angle-of-attack vane for the vertical gust
velocity component, is mounted on a rigid boom a distance forward of the aircraft ade-
quate to eliminate upwash effects, and if the aircraft motions can be accurately mea-
sured to provide corrections to the basic flow vane measurements. The equation on the
right-hand side of figure 1 is an example, indicating that a time history of true gust
velocity will result. The primary purpose of this paper is to describe various aspects
of true gust velocity measurements made in recent years in the U.S. with emphasis on
NASA programs. As an additional point of interest, some recommendations resulting from
a workshop on atmospheric turbulence held at NASA-Langley in April 1986 are included.

AIRCRAFT AND PURPOSE OF MEASUREMENTS

The photograph in figure 2 is of an airplane {B-57B) that was specially
instrumented by NASA to provide accurate true gust velocity measurements over a broad
frequency range but with special emphasis on the low frequency or long wavelength region
(refs. 1,2). Atmospheric turbulence power spectra are usually thought of as conforming
to the von Karman expression where the intensity or standard deviation, ¢, and an inte-
gral scale value, L, can be used to define a particular power spectrum. The L value
locates the "knee" or break in the spectrum curve. Conventional aircraft principal
responses to gusts occur at frequencies higher than the break, but for very large and
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very fast flexible aircraft, significant responses would occur at very long wavelengths,
or frequencies below the break (ref. 3}. A major purpose of the program described in
ref. 1 was to identify the spectral shape for atmospheric turbulence associated with
various meteorological conditions and at altitudes between sea level and 50,000 ft. The
same instrumentation system was also installed in the aircraft shown in the photograph
of figure 3 to obtain data at altitudes up to 65,000 ft. Unfortunately, due to incom-
patibility of the nose boom arrangement with another experiment system with higher
priority, only a small amount of data were obtained at the higher altitudes. Later, the
airplane of fig. 2 was modified to inciude booms at the wing tips (shown in figure 4) to
allow spanwise gradients of turbulence to be measured (wing span about 60 ft., ref. 4).
Another NASA aircraft has been instrumented to measure atmospheric turbulence to support
analysis of data from atmospheric constituent samplings. A photograph of the nose boom
on this aircraft is given in figure 5.

Another highly instrumented NASA aircraft is shown in figure 6. The purpose of
flights of this aircraft is to study hazards involved in flight operations in severe
storms (ref. 5). The primary emphasis to to characterize lightning hazards. The
instrumentation system provides atmospheric turbulence measurements (true gust velocity)
and most flights have been made in a storm environment; however, up to this time the
only turbulence data analysis performed has been for derived gust velocity values.

The National Center for Atmospheric Research (NCAR)} has also instrumented several
aircraft to acquire true gust velocity measurements {(ref. 6); however, the flight sam-
plings have been primarily in support of other atmospheric research experiments. Both
fixed and free vanes have been utilized as the primary sensors. Some recent work at
NCAR has centered on providing atmospheric turbulence measurements with a system of five
pressure measurements on the surface of a special nose section on the aircraft (ref.

7). Efforts are underway at the present time to validate the system.

EQUATIONS, DATA, AND DATA PROCESSING

The equations utilized for determination of the three components of gust velocity
are shown in figure 7. For the NASA aircraft, Tightweight mass-balanced balsa vanes
provide the primary measurement for the vertical and lateral components and a special
sensitive pressure transducer yields the longitudinal component. As shown on the
figure, the other terms provide corrections to the primary measurement for aircraft
motion. Measurements for aircraft motion corrections come from rate gyros and an iner-
tial platform. 1In general, values used are increments from the mean value for the run.
Figures 8 and 9 list measurements (ref. 2) indicating ranges, allowable error (both
amplitude and phase) for determination of gust velocity values within +1 fps for the
ranges specified (nearly all flight measurements will be well within these ranges), and
measured errors.

Flight data recording is as shown on figure 10. The principal measurements are
provided as analog signals through onboard matched anti-aliasing filters. The low fre-
quency signals from the inertial navigation system (INS) are digital signals and (for
the spanwise gradient program) piezoelectric pressure transducers with digital signal
outputs were utilized. All signals were played through a pulse code modulation conver-
sion and recorded on a flight tape.

The post-flight data reduction shown on figure 11 involves first converting the
fiight tape to two tapes, one for the high frequency data channels at 200 sampies per
sec. and the other for the inertial navigation system data at 40 samples per sec. A
wildpoint removal process and filtering of digital channels is performed and the result-
ing data are merged into an engineering units (EU) tape at 40 samples per sec. Gust
velocity time histories are then derived according to the equations shown in
figure 7 at 40 samples per sec. The resulting data tape (called SPANMAT for the case
shown in the figure) can then be used for various statistical analyses. Power spectra
can be provided to 20 Hz, however most data are not presented above 10 Hz.

Accuracy assessments are made according to the procedure given in ref. 8.

Maneuvers are performed in smooth air, resulting in aircraft motions as large or larger
than would be expected during data runs. Data are processed through the entire process-
ing sequence with the final result being a time history of gust velocity which should be
zero. The values obtained are an indication of adequacy of the correction procedure.
Example cases are given in figures 12a-c. For the run in figure 12a the pilot performed
large pitching maneuvers; the data of figure 12b are a result of large yawing motion and
that of figure 12c for airspeed variations. The resulting gust velocities are satisfac-
tory especially considering the magnitude of the aircraft motions.

As stated previously, the principal goal of the earlier sampling program with the
B-57B was to provide estimates of the integral scale value, L, in the von Karman model.
For this objective, the region of intrest in the power spectra was at the low values of
frequency or inverse wavelength. For spanwise gradient studies, however, the values at
the large inverse wavelengths (near the Nyquist frequency) are important (ref. 9). For
the lTong wavelength emphasis, power estimates are desired at small frequency increments
(.f) in order to obtain estimates at very long wavelengths, however, to minimize scatter
between individual power estimates, the statistical degrees of freedom (a linear



function of both f and record length) should be as large as possible, thus the two
requirements are in conflict. Long records are always desired, however.

It is important to point out that due to a tuned frequency of the platform in
inertial navigation systems, aircraft velocity measurements will oscillate at the
so-called "Schuler" frequency (ref. 10) i.e. 84-minute period. This is relatively
unimportant for turbulence measurements where measurements are deviations from the mean
and runs are of 10 minutes or less, however, for wind or wind shear measurements where
the total velocity measurements are used, the amplitude of the Schuler oscillation can
lead to erroneous results. Figure 14 (from ref. 10) shows variations in peak velocity
error measured after flights of from 1 - 6 hours duration. The amplitude of the oscil-
lation is variable, but erroneous velocity indications of 3 meters/sec are common.

The sampling program with the B-57B aircraft has been terminated. Tapes containing
three components of gust velocity associated with various meteorological phenomena are
on file and are summarized in figure 15. Statistical degrees of freedom greater than
20 are desired. It should be pointed out that significantly larger values are
obtained for horizontal gust velocity components. This is believed to be due to the
fact that at the long wavelengths measured in this program, general wind patterns are
detected, and, as seen in the power spectra presented in ref. 11, the power at long
wavelengths does not conform to the von Karman model. These data are available for
various statistical analyses. To date, some tapes have been provided in cooperation
with the RAE (U.K.) and NLR (Netherlands).

RESULTS FROM ATMOSPHERIC TURBULENCE WORKSHOP

A workshop focused on various aspects of atmospheric turbulence related to
aviation, rocket and space programs was held at the NASA Langley Research Center in
April 1986. The proceedings are available (ref. 12). Attendees represented government,
industry, and universities, and were expert in areas of measuring, modeling, predicting,
and understanding processes of atmospheric turbuience. From the measurement stanapoint,
the following recommendations were made:

1. A repository should be established for all atmospheric turbulence data.

2. The existing data base should be updated, expanded and evaluated.

3. Measurements should be obtained in the 60-100K ft. altitude region.
Additional recommendations considered pertinent here include:

1. A standard, simple, quantitative, automated turbulence encounter reporting pro-
cedure should be established world-wide.

2. A systematic information/education program should be developed utilizing circu-
lars and manuals.

3. Design procedures/criteria should be critically reviewed in regard to available
data, analysis capabilities, design trends, and for vehicles such as helicopters.

4. A summary document should be established describing the various existing and
proposed turbulence models and their applications.

CONCLUDING REMARKS

Flights of aircraft instrumented to measure true gust velocity time histories, and
focused on atmospheric turbulence research, are essentially non-existent in the U.S. at
the present time. The B-57B aircraft has been deactivated. Other aircraft with this
capability are utilized primarily to support other programs. Requirements and proce-
dures for acquiring detailed measurements were described. Existing data are on file and
available for special analyses, however. Results of a workshop held in 1986 provided
recommendations for future efforts.
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Figure 4 - B-57B Equipped to acquire Spanwise Gradient Data

Figure 5 - Nose boom on NASA Electra Aircraft
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Figure 6 - Location of research sensors and equipment on the NASA F-106B
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Gust .
A Primary . . -
velocity = [ ] + [Ancraft motion correctlonsJ
component measurement
Longitudinal
ug - [AV] + [vax sing + Vay ©08 w]
Lateral
vy v (vl o+ [-vag +v, cosi vy Sind +1 +Vao)
Vertical
wooo= v o« [-ve +v_ +18 - vpo]
Figure 7 - Equations for the determination of gust velocity component time histories
Overall system Measured
allowable system error
Measurement Range error (1o) @ 259C
a, Balsa angle-of -attack +7.5° .09° .03
flow vane 5 rela&ive (1
B, Balsa angle-of- 15 .09 .03
sidestip flow vane relative 1
8, pitch rate + 1 R/sec . 012 R/sec .01
i, yaw rate + 112 Risec . 006 R/sec . 005
®, roll rate + 1R/sec . 012 R/sec . 008
T, free air temp + 50°C .555°¢C .3%
{Totai temp) .
A impact pressure 0-5 PSID .03 PSI .013
Ps' static pressure 0-15 PSIA .1PSI .04
AP , incremental + .25 PSiD .003 PSI . 0007
$" static pressure +.1PSID . 0003
AP_, incremental + .25 PSID . 003 PSI . 0007
T~ total pressure +.1PSID . 0003
AN' acceleration +16 .026 . 008
time 0-365 days . 001 sec

Figure 8 - Measurements list for MAT aircraft (B-57B)



Airborne inertial data system (AIDS)

Overall system Measured
allowable system error
Measurement Range error (10) @ 25°C
AX 1Gto-1G .006 G . 005
AY 1Gto -16 . 006 G . 005
AZ 3Gt0-36 .018G .013
VAX + 100 FPS .6 FPS 4
+ 100 FP .6 FPS !
AY S 4
VAZ + 100 FPS .6 FPS .4
o 20to 5‘; . 162 .08
5t0 -5 .12 .04
5 to -20° .16° .08
0 0
) 7.5t 4 .1 .03
4to -4° . .08° .03
410 -7.5 10 .03
Figure 8b - Measurements list continued (airborne inertial data system)
Overall system Measured
allowable system error
Measurement Range error (1o) @ 25_°C
AY 7.5 .08° .09°
Vy 2000 FPS 15 FPS 6 FPS
VY 2000 FPS 15 FPS 6 FPS
v 0-360° .50 5P
Figure 8c - Measurements 1ist continued (airborne inertial data system)
Allowable Measured
Full-scale phase error, relative phase
Measurement range degrees @ 1 Hz, degrees
0 +7.5° +15 - 75
AY £ 7. 5‘; +15 =75
a and p 15 +17 .25
o £ 20° + .92 - 75
6, i) + 1 rad/sec +1.4 -1.5
1] + .5 rad/sec +14 -1.5
AX, AY +16G + .7 -1.25
AZ +36 + .7 -1.25
VAX' VAY'VAZ + 100 FPS +14 -1.25
A +16 +1.7 +11
N 0
o - 0-360 +15 =75
AP1otal Hi +.25 +L7
Lo .1 +17

Figure 9 - Measurements list concluded (phase matching)
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Figure 11 - Post-flight data reduction schematic
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Altitude, 15 300 ft

m/sec ft/sec
6 ~20
A\ - _
VAY of 1o
-6L 1-20
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Figure 12 - Accuracy assessment continued
(b) lateral component
Altitude, 14 700 ft
(Run in very slight turbulence)
m/sec ftisec
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Figure 12 - Accuracy assessment concluded

(c) Tongitudinal component (run made in slight turbulence)
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Altitude (ft)

Mountain wavelorographic (3 flts)

No. runs Statistical D.O.F.  Ow (ftlsec)  Ov (ft/sec)

~4-6K
9-15K
23-46K

19 - 35K

L 5K

5.5 -14.5K

42K

Figure 15 -

9 13-40 46-17.3 47-21
9 10-23 32-12.5 7.8-23
3 21-40 3.5-4.4 6.3-17.7

Wind-shear/jet stream (4 flts)
3 10-31 L5-29 33-17

(1f1t) Low-altitude convection (1 fIt)
1 45 3.8 3.9

Convection, sea-breeze convergence (flt)
6 11-21 4.6-1738 7.2-10.3

Complex effects (1 flt)
4 14-28 5-8 15.5-28.7

Measured gust velocity time histories available



MEASUREMENT AND ANALYSIS OF LOW ALTITUDE ATMOSPHERIC TURBULENCE
OBTAINED USING A SPECIALLY INSTRUMENTED GNAT AIRCRAFT

by

Dr G.W. Foster and J.G. Jones
Procurement Executive, Ministry of Defence
FS(B)1l Division, Royal Aircraft Establishment
Bedford MK41 6AE, England

AGARD SMP Workshop, Athens, September 1986

SUMMARY

Detailed measurements of atmospheric turbulence made by a specially instrumented
Gnat aircraft at altitudes below one thousand feet over a varlety of terrains are
described. A programme of flying ylelded about U400 runs for which time histories of the
three components of turbulence are available. These runs are analysed to glve parameters
which summarise the statistical characteristics of the turbulence encountered. A very
strong relatlonship between two parameters from the Statistical Discrete Gust analysis
technique and one from the Power Spectral Density technique is identified.

LIST OF SYMBOLS

a parameter defining overall rate of component of turbulence
occurrence of ramps (or more velocity in that direction;
accurately smooth increments), see positive to starboard
Eq.(A-1)

w amplitude of ramp (smooth

A intercept of straight line in PSD increment), see Fig 25
graph with 1 cycle per metre axls,
see Eq.(2) W, W component of velocity along

g aircraft body fixed 2z axis,

b intensity parameter defining ampli- component of turbulence
tude distribution of ramps (smooth velocity in that direction;
increments), see Eq.(A-1) positive downwards

F gain of filter 1s 1/F, see Eq.(A-2) x size of peak or trough

H length of ramp (smooth increments), X alrcraft body fixed axis,
see Fig 25 positive forward

h helght y alrcraft body fixed axis,

positive to starboard

k scaling parameter defining relative
intensity of ramps (smooth 4 alrcraft body fixed axis,
increments) of differing lengths, positive downwards
see Eq.(A-1)

a angle of attack
L scale length of turbulence
[ parameter defining overall rate

LStd standard scale length (2500 ft, _ of occurrence of peaks and
762 m) used in calculation of o , troughs, see Eg.(A-2)
see Egs.(7) and (9)

] angle of sideslip or more accu-

n(S, x) density (when differencing over rately, as the tangent defi-

distance S) of rate of occurrence nitions of incidence angles
of peaks and troughs with size are being used, flank angle
greater than x attack, Ref 23

N*(H, w) density (at ramp length H) of rate B intensity parameter defining
of occurrence of ramps with ampli- amplitude distribution of
tude greater than w peaks and troughs, see

Eq.(A-2)

s local slope of PSD curve (see
Appendix) At sampling interval

S differencing distance K wave number that is cycles per

unit distance

t time

A width of filter is S/A , see

u, u component of velocity along air- Eq.(A-2)

g craft body fixed x axis, com-
ponent of turbulence velocity in o standard deviation particularly
that direction; positive forward of turbulence speed

Vp true airspeed g estimate of turbulence inten-

v, Vv component of velocity along sity, see Egs.(6) and (8)
aircraft body fixed 'y axis,



931Fp one standard deviation of the ] power spectral density
smoothed differenced signal
sity, see Egs.(6) and (8)

1 INTRODUCTION

Between July 1981 and April 1983 Gnat XP 505% (Fig 1) undertook a flying programme
to collect samples of measurements of atmospheric turbulence particularly at low altitude
using speclal instrumentation installed for the task, Ref 1. Being a highly manoeuvrable
fast jet, the Gnat was able to undertake flight profiles closely akin to operatlonal
strike alrcraft over all types of terrain. The aim of the programme was to sample the
turbulence encountered in a range of atmospheric conditions over various types of terrain
and at a number of helghts. It was not intended to gather statistics for the turbulence
encountered during all flying of the Gnat. The resulting samples were analysed using both
spectral and statistlcal discrete gust techniques with the intention of improving the tur-
bulence models that are used 1n areas such as control system design and generation of
synthetic turbulence. A subject of particular concern was the accurate modelling of the
rates of occurrence and form of extreme gusts.

An RAE Report (Ref 2) has been published which presents a few examples of the tur-
bulence measurements made by Gnat XP 505 and introduces the data reduction methods,
including the types of statistical analysis, being applied to the flight recordings. A
further Report (Ref 3) will soon be avallable giving details of the analysis of a large
number of samples of the turbulence data. The present paper summarises some of the
results.

2 FLIGHT PROGRAMME

A total of 389 turbulence sampling runs have been completely analysed. Pig 2 shows
the approximate geographlc locations within Britain of these runs together with an indi-
cation of the severity of turbulence o, (see below) encountered during each run. Note
that the points in Fig 2 have been shifted slightly when necessary to avoild points
overlaying one another. ‘

Most of the sorties took place from RAE Bedford Airfield and there were a large
number of flights in the Bedford local area. Flights over the Cotswolds, Severn/Wye
valley area, and the mountains of South and Mid Wales gave a selection of terrains of
increasing roughness. Two perlods of flylng from Kinloss in Scotland gave some runs over
very rugged terraln and two such runs have been described in detail in Ref 2. Flights
over the East Angllan Fens and the Suffolk coast gave examples of turbulence over smoother
terraln, and to complete the picture there were some flights over the sea, mostly the
North Sea off East Anglia. Fach of the runs analysed was allotted a 'Terrain Roughness
Rating' in the range 0 to 8, see Table 1.

In most cases the pilot made at least three runs along a particular straight track
at radio altimeter heights of 250, 500 and 1000 ft (75, 150 and 300 m). Clearly, main-
taining constant radio helght over rough terrain was 1impossible and in these conditions
these nominal helghts tended to become minimum heights. The restriction to straight runs
conflicted to some extent with the aim of sampling turbulence along realistic flight pro-
files for low level attack aircraft and so some runs were made with the aircraft
manoeuvring to follow valleys and so forth. Unfortunately removing the effects of air-
craft motion from the resulting flight data to glve turbulence time histories without
spurious gusts, a difficult task even for the wings-level runs (see below), proved unre-
liable for this type of flylng and so it was not employed very much.

When possible runs at 100 ft radio height were made. However, the locations in
which flying this low was permitted were very limited: the extreme North of Scotland,
during the approach to RAE Bedford Airfield and over the sea. The pllots were under-
standably reluctant to operate thls low over the sea due to the lack of visual height
cues. Some runs at higher altitudes than 1000 ft were made, but finding turbulence here
was more difficult.

As the total recording time was limited to 18 minutes the recorders were only
switched on during runs. The pilot kept notes on the location and conditions of the
varlous runs.

Because of the problems caused by getting water into the Conrad Yawmeter and
miniature pitot pneumatic pipes which form part of the turbulence sensing system (see
below), flying in rain was avoided. Water 1n these pipes would effect thelr dynamic
response and could freeze so disabling the system completely. Data from flights where the
pllot reported that rain had been penetrated was always reviewed carefully. Avoiding rain
will of course have blased the meteorological conditions under which the data was
gathered.

The data gathered during one particular flight, flight number 716, will be used as
a representative example here. The pilot originally intended to perform runs in the

¥ Now on display in the Science Museum, London.
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Brecom Beacons area of South Wales. However, as he saw there was raln over these moun—
talns, he instead found a clear patch West of Birmingham and did four runs on a line run-
ning South from Bridgnorth, Fig 3. This flight path was across wind. Two of the runs
recorded were heading North along sections of the ground track shown in Fig 3 and the
other two heading South.

3 DATA CAPTURE AND HANDLING

3.1 Instrumentation

The instrumentation carried by Gnat XP 505 (Fig 4) is described in detail in Ref 1.
The main alr data sensors were pairs of Conrad Yawmeters and miniature pitot tubes on the
extended nose probe of the alrcraft, Fig 5. A Conrad Yawmeter consisted of two hypodermic
steel tubes with angled ends, Fig 6. The pressure difference across each double tube was
sensed and recorded. In addition to the Conrad Yawmeters on the nose probe, incidence and
sldeslip were also measured by wind vanes carried on the wing tip probes and the nose
probe. Vanes with balsa wood blades were used as these give better frequency response
than metal or carbon fibre vanes due to thelr low inertla, at the expense of being less
robust.

An instrumentatlon pack occupled the rear cockpit and contained the MODAS digital
tape recorder (Ref Y4) used for data capture. This gave a 12 bit resolution, and the
majority of instruments were recorded at 256 samples per second.

3.2 Data handling

Fig 7 summarises the flow of data during the post-flight analysis of an airborne
recording. The first stage was to produce a computer compatible tape (known as REDUC
tape) and 'quick look' pen plots of some of the instruments. Based on these plots and the
pilot's reports, runs to be analysed were chosen. In general for the turbulence sampling
programme these were picked to be representative sections between 60 and 90 sec long of
the runs recorded by the pilot.

Program I11C, which 1is described in detail in Ref 1, was used to extract the
chosen analysis runs from the REDUC tape and apply calibrations to yileld time histories in
engineering units for each instrument and derived quantity. These were stored on a Gnat
data magnetic tape. Run names were assigned at this stage. In general the names used
take the form Gnat 'Three digit flight number' 'two digit run number!'.

The calibrations performed by program I11C included applying the results obtained
from wind tunnel tests Ref 5 to get air flow directions and speed at the nose probe based
on data from the Conrad Yawmeters and miniature pitot. I11C also de-skewed the sequential
samples by using linear interpolation to synchronize the apparent sampling instant of the
various instruments.

For flight 716 four analysis runs each of 90 sec duration were extracted from the
flight recordings. These runs are named Gnat 71601,2,3 and 4. They are composed of the
middle sections of each of the four runs recorded by the pilot. Fig 8 gives time history
plots from some of the instruments for the first of these four runs. Note, in particular,
the traces of barometric helght and ground height (the latter is obtained by subtracting
the radlo altimeter reading from the former) which give an impression of the terrain
crossed and the flight path taken over it. Time histories are also given in Fig 8 for the
flow angles at the nose probe as measured both by the Conrad Yawmeters, labelled ALPHA(CY)
and BETA(CY), and by the balsa vanes which are labelled ALPHA(NP) and BETA(NP). TI11C does
not correct for instrument dynamic characteristics and so pressure lags in pneumatic
Instruments have not been rectified at this stage.

3.3 Calculation of turbulence time histories

The next stage in the processing was to derive time historles of the atmospheric
turbulence encountered during the analysis runs. This involved correcting for instrument
dynamic behaviour and removing the effects of aircraft or, more accurately, sensor motion
from the measurements of airflow speed and direction. We will here concentrate on the
derivation of the three components of turbulence (ug , vV and wg) using the airflow
information from the pneumatic instruments at the nose pro%e (Conraé Yawmeters and
miniature pitot). The use of data from the balsa wood wind vanes on the wing tip probes
and on the nose probe, which give information about the spanwise variation of the tur-
bulence, is discussed in Ref 6 and Ref 7.

3.3.1 Correctlons for pneumatic pipe dynamics

The pressure transducers used by the Conrad Yawmeters and miniature pitot were
sltuated in the nose bay of the aircraft and so there were pipe runs of 1.65 m between the
pressure sensing orifices on the nose probe and these transducers. Between the inboard
end of these pipes and the pressure transducers enclosed volumes (7.91 cc) were fitted to
reduce the amount of 'organ-pipe' resonance; however, there was still a resonant peak
between 16 and 18 Hz. Fig 9 shows the results of ground tests Ref 1 to investigate the
frequency response of the pipes as installed in the airframe using oscillating pressure
generators, and compares the measurements with predictions made using the theoretical
method of Bergh and Tijdeman Ref 8. The agreement is excellent and so the theoretical
method has been used to predict the behaviour in flight as shown in the figure.
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Program TURB (see Fig 7) incorporates digital filters which attempt to correct the
incidence and sideslip signals from the Conrad Yawmeters and the airspeed from the
miniature pitot so as to remove the effects of thils resonance. Fig 10 1s an example of
the frequency response of the Finite Impulse Response (FIR) digital filters used. This
filter attenuates the signal around 17 Hz as required but introduces some amplification
between 20 Hz and 55 Hz. Just beyond 20 Hz this is not unreasonable as the filter is
correcting for the attenuation caused by the pipes in this region. In general though,
introducing amplification at high frequencles is undesirable due to the effects 1t has on
noise in the signal. Fortunately the combined effects of the pipes pneumatic attenuation
beyond 20 Hz and the 25 Hz fourth order Butterworth analogue (electrical) antialiasing
filters, which are applied to the signal before sampling in the aircraft's recording
system, are together sufficient to remove completely any undesirable consequences from the
amplification caused by these digital filters.

Based on the above mentioned theoretical method the dynamic behaviour of the
pneumatic pipes was calculated for a range of pressures and temperatures covering the con-
ditions which could be encountered in the pipes in flight. The characteristics of the
digital filters used 1n program TURB were scheduled with the pressures and temperature at
each instant in flight to match the expected behaviour of the pipes at the flight
conditions.

3.3.2 Removal of sensor motion

To remove the component in the recorded airflow velocity which arises from the
movement of the sensors in sympathy with the airframe so leaving Jjust the motion of the
alr (the turbulence), the velocity of the alrflow sensors at each instant in time during a
run has to be obtained. This was achleved by integrating the recordings from inertial
sensors, le linear accelerometers and angular rate gyros. Such instruments were not
mounted near the airflow sensors on the nose probe of the Gnat (though they were present
at the ends of the wing tip probes) and so it was necessary to use the instruments mounted
in the rear cockplt and assume the airframe and nose probe formed a rigid body between the
instrumentation pack and the airflow sensors. If this assumption 1s not valid one would
expect particular problems at frequencies corresponding to the natural modes of the
airframe and nose probe. Ground resonance testing of an early verslon of the Gnat Ref 9
gave (with full underwing fuel tanks) a first wing symmetric bending mode at 9.1 Hz,
asymmetric wing bending at 15.9 Hz and fuselage bending at 29.0 Hz. The nose probe fitted
to Gnat XP 505 has a natural frequency of 31.4 Hz both laterally and normally. Only the
first two of these are within the frequency range observable by the Conrad Yawmeters Fig §
and no contamination at these frequencies has been seen in the turbulence power spectral
densities produced (see below for some examples). Of course quasi-statlc distortion at
lower frequencies may occur but the success achleved in removing contamination at the
dutch roll and short period frequencies tends to indicate that this was not a problem.

The integration of kinematic equations which 1is part of the process of removing
sensor motion tends to be very sensitive to zero offsets in the instruments; for example a
zero offset in a lateral accelerometer will, when 1ntegrated, produce an increasing side
velocity which, if uncorrected, would contaminate the estimated side gusts. Therefore,
prior to using program TURB, an Instrument Compatibility Check (ICC) program developed at
the RAE by Reid Ref 10 was applied to the available instrument time histories so as to
estimate these zero offsets for each run. This ICC program also proved useful in analys-
ing a serles of manoeuvres in calm alr to identify position error corrections for the
instrumentation system, particularly upwash and sidewash correction factors.

Since the ICC program produces time histories for o , B8 and Vg based on the
inertial instruments the difference between these and the observations wilill be the tur-
bulence. However, 1t was found preferable to recompute the turbulence in the separate
program, TURB, for several reasons. A major one was to allow the ICC program to work with
only a very much thinned (but adequate) version of the time histories (usually eight
samples per sec), so reducling the amount of storage and computation it required, while
TURB could handle the data at the full sampling rate of the airflow sensors and so produce
time histories of the three components of turbulence at 256 samples per sec. The ICC
program passes values for initial conditions and zero offsets to TURB as shown in Fig 7.

It should be noted that the three components of turbulence produced by TURB are
still with respect to an aircraft body axis system (head, side and normal). They are not
components in earth axes (North, East and vertical), nor are they along-heading, across-
heading and vertical which is an example of another possible set. It would be possible to
resolve into either of the latter two systems using the pitch attitude and bank angle
recordings and (for earth axes) the heading recording. However, the aim of the turbulence
investigation programme was to gather data on the turbulence and gusts which are encoun-
tered, and have an influence upon, aircraft flying at low altitude. It thus seems pref-
erable to produce turbulence records which allow such information to be extracted
directly. Transforming into elther of the other axes systems mentioned above might be
extremely useful when, for example, carrylng out comparisons with ground features but
would not yleld information which was directly useful in alrcraft, as opposed to meteoro-
logical, studies. 1In practice the restriction to straight runs mentioned earlier, the
fairly small pitch attitudes reached in the turbulence measuring runs and the pllot's
efforts to keep the wings level mean that the normal component 1is very nearly the same as
vertical component. The convention that in alrcraft body axes 2 1is downwards means that
positive values of Wg correspond to DOWN gusts.
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For dissemination to other users and long term storage, the time histories of the
three components of turbulence produced by TURB were transferred to Gnat TURB magnetic
tapes (Fig 7).

3.3.3 Assessment of extracted turbulence

Fig 11 shows the turbulence time histories for the first run in flight 716. The
three components are labelled:

NP MP UG for Nose Probe, Miniature Pitot, based U component of Gust,
NP CY VG for Nose Probe, Conrad Yawmeter, based V component of Gust, and
NP CY W@ for Nose Probe, Conrad Yawmeter, based W component of Gust.

To bring out the detall availlable more clearly Fig 12 shows the first second of the three
components of Gnat 71601 with each individual sample plotted. The smoothing caused by the
antialiasing filters and the pipes 1s apparent.

Fig 13 presents the power spectral densities of the turbulence components for the
first two runs from flight 716 and compares them with the power spectra of the fine
airspeed, R and o« . The angles from the Conrad Yawmeters for g and a have been
multiplied by the mean speed of the alrcraft during a run so as to convert them to the
same units, metres per sec, as the turbulence components v and Wg from program TURB
with which they are being compared. The power spectra are plotted on log-log axes; the
horizontal axes have the units Hertz (le cycles per sec) and the vertical axes (m
s—1)2/Hz . For turbulence which matches the von Karman model the power spectra should be
flat at low frequenciles, changing to a slope of -5/3 at higher frequencies. A straight
line with slope -5/3 has thus been fitted to the turbulence spectra between 1 Hz and 10 Hz
in each plot. 1In all cases the turbulence spectra follow this line upto almost 25 Hz at
which polnt the antialiasing and pneumatic filters cause a sudden rapid attenuation of the
signals, an effect already remarked upon in the time histories above. The removal of
aircraft motion 1s apparent by comparing the v and w spectra at frequencies below
2 Hz with the corresponding untreated 1nstrumen% spectra. Of particular note 1s the peak
in g at the dutch roll frequency of the aircraft, 0.6 Hz, which has been completely
removed from vg -

The success achleved 1n correcting for the amplification caused by the pipe reson-
ances between 10 Hz and 20 Hz can also be judged from the plots in Fig 13. For the Ug
and v components this has, in all cases, been most satisfactorily done. However, in
run Gnat 71602 the w component of turbulence still shows a slight 'hump' above the -5/3
stralght line. It would appear that the size of the resonance in the o Conrad Yawmeter
pipes in these two runs was greater than that predicted by the theoretical method. It
will later become apparent that this affected many, though not all, of the Wg records to
some extent. No explanation for this anomaly has been found.

In the vg and wg plots the introduction within TURB of the upwash correction
factors means the turbulence power spectra fall somewhat below those derived directly from
g and a even in those parts of the frequency range where neither sensor motion nor pipe
dynamics contaminates the raw flow angles. It should be noted that the sidewash and
correction factors have been assumed to be independent of frequency and the values ident-
ified at low frequency (around the aircraft's rigid body modes) have been taken as
constants.

To allow a high resolution pressure transducer to be used on the miniature pitot
pipe, a transducer with a limited range compares the miniature pitot pressure against the
pressure 1in an enclosed volume. If the transducer approaches it limits, for example due
to a large change in alrcraft speed or helght, then a valve between the miniature pitot
pipe and the enclosed volume opens to equalise the pressure on either side of the trans-
ducer. For more details of this device see Ref 1. During the 5 to 6 second periods when
this valve 1s open 1t has been necessary to make use of the coarse airspeed derived from
the alrcraft pitot system rather than the higher resolution and higher bandwidth signal
from the miniature pitot system. Program I11C therefore inserts the coarse airspeed into
the fine airspeed time history during periods when the valve is open.

In some records problems were encountered in ensuring the continuity of the
resulting fine airspeed time history at the points where the valve opened or closed.
Several improvements were made to the algorithm used by I11C to carry out this insertion
80 as to avold the resulting spurious steps in fine airspeed, but the problem was most
persistent and still afflicts some of the Ugr traces.

3.4 Statistical analysis of turbulence time histories

3.4.1 Introduction to techniques

Two types of time series analysis have been applied to the time histories of tur-
bulence produced by the Gnat.

The more familiar of these, Power Spectral Density (PSD) analysils, has already been
used above. 1In essence, it involves considering the power in a signal in a series of
(usually quilte narrow) frequency bands; thus, conceptually one is investigating how the
signal 1s composed of silnusoldal waves. The variation of the power spectral density o
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with frequency or wave number « (the inverse of wave length)* may be compared with
theoretlically derived spectra such as those proposed by von Karman (Ref 11) or Dryden
(Ref 12). Parameters which characterise a sample of turbulence in these models may be
identified. Fig 14 illustrates the spectral densities given by these two models for the
across path components of turbulence (vg and wg) for two values of L , the scale
length, which is a parameter that appears in both models.

PSD analysis 1s a well established tool for analysing atmospheric turbulence, and
techniques for using the resulting information, for example in the alrcraft design pro-
cess, are widely employed. Its limitations are, however, often not appreciated and two of
these deserve comment. First, the power spectra gives no information on the probability
distribution of the signal or changes in the signal. O0ften, in applications where prob-
ability distributions are needed, the simple (but questionable) assumption is made that
they are Gaussian (Normal) in form. Second, PSD analysls gives no information about the
rate of occurrence or shape of discrete events in a signal whereas the occurrence of large
discrete events is often critical in alrcraft or control system design.

To complement the PSD technique, Jones (Ref 13, Ref 14 and Ref 15) has advocated a
Statistical Discrete Gust (SDG) method which does give information about the statistical
properties of changes and rates of change of signals. It 1is probably worth noting here
that 1t 1s the distribution of changes in turbulence veloclties rather than of absolute
velocities which are of most importance to an aircraft. A brief introduction to SDG tech-
niques is given in the Appendix.

3.4.2 Implementation of techniques

Program I11W (Ref 16) was the main tool used to carry out these types of analysis,
Fig 7. A standard way of processing turbulence runs was chosen and implemented by two
I11W USE-files (Ref 16). The first of these, I11WTURB (see Table 2a) configures Il1lW to
read the flles of observation data produced by program TURB and sets varlous items that
are not to be left at theilr default values. In particular it should be noted that, for
the calculation of the power spectral density by means of a Fast Fourier Transform tech-
nique, the data was split into blocks 4 sec long. Each block overlaps its neighbours by
50% and the linear trend was removed from each block (by subtracting the best least
squares fit straight line from each block), but no window, such as Hanning (Ref 17), was
used., The second USE-file, I11WRUN (see Table 2b), carried out the analysis of the three
components of a turbulence run. Comments in these tables explain much of the details of
the analyses being performed.

The output from I1lW consists of three streams:

1 A line-printer type of listing (the 'main output file') giving a detailed account
of the data read, analyses performed and results produced. Any errors which occurred are
also noted here.

2 Graphs produced within I11WRUN by the PLOT THREE instruction of I11W. These sum-
mary plots contaln information pertinent to both SDG and PSD analyses.

3 Parameters identified by fitting statistical models which are appended to three
files: FITTABLES(/UG), FITTABLES(/VG) and FITTABLES(/WG). These files eventually contain
the parameters for all 389 runs analysed.

Fig 15 presents the plot produced for one component of the first run from flight 716. The
plot is composed of three graphs which illustrate different aspects of the analysis
performed.

In the lower right corner is a power spectral density graph. The horizontal axis
is wave number which has units cycles per metre while the vertical axis (which is labelled
simply POWER), is power spectral density with units (metres/sec)? per (cycle per metre).
Log-log axes are again employed. The definition of power spectral denslty adopted in this
paper is such that

2 = [ a(x) dx (1)
0

where ¢ 1s the standard deviation of the signal. The limits of integration, zero to
plus infinity, not minus infinity to plus infinity, should be noted. The power spectral
density estimates from the FFT algorithm are shown connected by a solid line while the
broad band spectral estimates which arise as a by-product of the SDG analysis (Ref 16) are
shown as individual points, square symbols. A stralght line with fixed slope of -5/3 has
been fitted to the four broad band points which have the highest wave numbers (the right-
most four); it will be noted that the von Karman model approaches a slope of -5/3

¥ Hereln 'frequency' 1s used for quantities having the dimensions 'cycles per unit time',
while 'wave number' is used those for having units 'cycles per unit distance'. As the
earlier section was concerned with instrument characteristics it was convenient there to
work with frequencles. For investigating turbulence it is better to employ wave number so
that the results are not dependent on the speed of the sampling aircraft.
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asymptotically for high wave numbers (see Fig 14). The range of these points is shown
along the bottom of the graph. The exact wave number range will depend on the flight
speed during each individual run but was approximately 0.01 cycles/m to 0.1 cycles/m (that
is wave lengths between 100 m and 10 m); in terms of frequency the range 1s in fact always
2 Hz to 16 Hz. In many cases one could probably have included the next one or two broad
band points with lower wave numbers in the fitting process as they too often fall on the
-5/3 part of the spectrum but this would have meant applying an algorithm to find the
stralght part of the spectrum. Limiting the range to the four points was simpler. Going
to higher wave numbers, the next broad band point would fall at a frequency of 32 Hz which
is beyond where the anti-aliasing filters have started to attenuated the signal.

This fitted line has an equation of the form

o(k) = Ac~2/3 (2)

The value of A (which is the intercept of the fitted line at a wavenumber of 1 cycle per
metre) is based only on the intensity of the high frequency content. A quantity known as

o 1s derived from A as follows. Starting from the von Karman expressions for the power
spectral density (Ref 18), which are for the along path ug component

1 1

Yy = &
o ’ [14(1.339L 2x ¢) 9 /0 (3)

where (Ref 18 Eq.9.38)

1.339 = (/7 1(5/6)] (4

and for the across path components vg and wg

5 1+ 3§(1.339L 2r «) 9

(5)
o(k) = 20¢L
) * "1 ¥ (1.339L 27 «) 3 1176

a standard scale length, Lstd , of 2500 ft (762 m) 1s employed and o 1is then the value
which needs to be used for ¢ 1in the relevant Eq.(3) or Eq.(5) so_as to match the fitted
straight line at high wave numbers. The resulting equations for o are for u

g
Chpet 26.9&//{1‘ (6)
where
26.94 = % (1.339 « o) 5/6 e LE N
and for vg and wg
T, = 23.35/A, (8)
where
23.33 = '3 (1.339 x 206 1 1/3 (9)

The factors which appear above are employed in I11WRUN, see Table 2b.

Values of & glve estimates of the turbulence intensity which, unlike the values
for the standard deviation of the original signal oops , are not inflated by large low
frequency components in the signal. Values of oy have been used as a guide to the
turbulence intensity of each run. The values for the_389 runs analysed range from 0.3 m/s
to 6.9 m/s. The symbols in Flg 2 are also based on oy . Values for both ¢ and apps

for all three components of the runs from flight 716 are given in Table 3.

I11WRUN goes on to fit another straight line to the same four broad band spectral
estimate points but without constraining the gradient. This fitted line is not plotted
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but the gradient so identified 1s output to the FITTABLES and will later give a means of
checking the validity of the proposition that the slope of the power spectral density is
-5/3 in this wave number range. The gradients for the runs from flight 716 appear in
Table 3.

The large graph on the left of the plot is the cumulative distribution produced by
the SDG analysis. In this plot a value of 1/3 has been used for the scaling parameter
k , which determines the relationship between the rates of occurrences of ramps of differ-
ent lengths. This value of k 1s only appropriate for ramp lenghts (the patterns here
being simple ramps) for which the local slope of the power spectral density graph for
corresponding wave lengths is -5/3 (see Ref 2 and Ref 19); the corresponding wave lengths
are twice the ramp lengths and wave number is the inverse of wave length. The four
shortest ramp lengths thus usually collapse quite well using this value of k . The exact
lengths of these ramps depends on the airspeed for each run but usually covers the range
5 m to 50 m, in many cases the next one or two ramp lengths also collapse into the same
family, which extends the range upto 100 or 200 m.

The curve onto which the individual distributlons collapse usually bends at the
smallest values of x (x Dbeing the size of the peak or trough in the smoothed, differ-
enced signal caused by the occurrence of a ramp in the original signal). Departure from a
straight line for small x 1s not unexpected; see the discussion following Eq.(A-2). An
interesting point 1is that almost every individual distribution intersects the x = 0 axis
extremely close to AS n(S,x) = 0.2. This indicates that with the particular thinning
(that is decimation) applied to get each successive ramp length, and with the differencing
and smoothing applied before spotting peaks and troughs, the resulting thinned, smoothed,
differenced signal is so band limited that every fifth point is a peak or trough.

A straight line is fitted to the points of the cumulative distributions between one
and four standard deviations of the smoothed, differenced signal for the four shortest
ramp lengths. The range of x/(FSK) thus fitted for each pattern length is shown in the
key in the top right hand corner of the cumulative distribution graph. This fitted line
is shown on each cumulative distribution graph along with the « and g which can be
derived from the intercept and slope of the line. These two parameters characterise the
overall rate of occurrence of ramps in the signal and the amplitude distribution of the
ramps. The o and g estimates, together with values for the standard deviations (ie
68.2% confidence intervals) on the estimates, are also appended to the FITTABLES so that
the distributions and correlations of o and g for all the runs can be investigated.
The estimates for the runs in flight 716 are given in Table 3.

The graph in the top right hand corner of Fig 15 shows the single most intense
increment, that is the largest ramp, observed in the record for each ramp length. These
are the end points of each distribution in the cumulative distribution graph presented in
a different way. The line shown is based on the o« and g8 derived from fitting the
cumulative distribution points; using these values in Eq.(A-2) with n(S,x) = 1/(record
length), that is a rate of occurrence of once in the distance covered by the run, the
expected size of x that should occur once in the run can be derived for each of the
range of pattern lengths. The deviation of the observed single most intense increment
points from the line thus shows how well the model derived from fitting between one and
four standard devliations predicts the talls of the distributions.

A further straight line is fitted to the cumulative distribution points between
four and eight standard deviations of the smoothed, differenced signal for the same four
ramp lengths. This line 1s not plotted but the « and 8 estimates are appended to the
FITTABLES. This will allow the distributlons of the intense increments (large ramps) to
be investigated.

Table 3 gathers together the items identified from the four runs in flight 716.
This Table also 1ncludes estimates of the scale length L which has been derived from the
following formula

L o= L (29bs,3 (10)

std 3

There are several techniques for estimating the scale length of turbulence samples. Frost
and Lin (Ref 20 Chapter V) discuss such techniques and the method adopted here is similar
to their method No 3. The scale length is an important parameter in spectral descriptions
of turbulence. Fig 14 gives an example of its influence on the shape of the power
spectral density.

b ASSEMBLED RESULTS

The precedling section has described how individual turbulence sampling runs were
analysed. One of the maln results of this analysis was estimates for a set of parameters
which describe and summarise various statistical properties of the turbulence encountered.
In this section we will be concerned with looking at the properties and distribution of
each of the parameters across 389 runs which have been analysed in detail.
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4.1 Power spectral density parameters

Fig 16 gives histograms for the slope of the line fitted to the power spectral den-
sity. The von Karman (Ref 11) model predicts a value of -5/3 (-1.667) for this slope
and 1t will be seen that the mean values for the head gust u and side gusts v of
-1.685 and ~1.665 are quite remarkably close to this. For thé normal gusts w, , however,
the mean value 1s -1.503. Two factors can be advanced as contributing to this anomaly.
The first is an instrumentation problem which was introduced above when discussing the w
power spectral density for run Gnat 71602. It there became apparent that the 'organ-pipeg
resonance in the nose probe o Conrad Yawmeter pipes was not always being entirely
removed by the corrective algorithm in program TURB. The increased power in the right
hand part of the spectrum arising from this will tend to decrease (absolutely) the slope
of the fitted 1line.

The second factor arises, however, from a real a property of the turbulence.
Fig 17 shows scatter plots for the power spectral density slope for each run against the
average radio heights.* Fig 17a 1s for runs over smoother terrains while Pig 17b 1is for
the rougher terrains. It is noticeable that for the w component over all types of
terrains (and in fact for the v component over smoot% terrain) the power spectral den-
sity slope decreases for low altltudes. If the scale length is decreasing at these low
altitudes it 1s possible that the left hand part of the spectrum being fitted no longer
belongs to the -5/3 region but falls below this line, and so ought not to have been
included in the fitting. Its inclusion will tend to reduce the slope of the fitted line.

To investigate more directly the wave length at which the power spectral density
deviates from a -5/3 slope Fig 18 gives scatter plots for scale length, estimated using
Eq.(10), against average radio height, again separated into smoother and rougher
terrains. Once again the vertical axis 1s limited to 400 m and here the horizontal, scale
length, axis, has been limited to 1500 m. Points giving values of L greater than 1500 m
are all plotted just off the axis scale. Using Eq.(10) to estimate scale length means
that a von Karman model (ie Eq.(3) for the ug component or Eq.(5) for the v and w
components) has been fitted to the observed spectra by taking o equal to the standard
deviation of the observations and choosing L so that the high wave number (high fre-~
quency) asymptote of Eq.(3) or Eq.(5), (whichever is required) matches as closely as
possible the part of the observed spectrum between about 0.01 cycle/m and 0.1 cycle/m (see
earlier discussion concerning exact range used) where a -5/3 slope is assumed to be
appropriate. Thils technique produces three separate estimates for the scale length of the
turbulence encountered during each run, one for each component. It is clear from the
appearance of the scatter plots in Fig 18 that the estimates of scale length based on the
Ug component tend to be longest (with many beilng very long over rough terrain) and those
from the Wg component shortest. Although the scatter in these graphs (particularly over
the rougher terrains) 1s enormous, there 1s some evidence of scale length increasing with
altitude. Due to the scatter, trying to quantify the relationship is open to question,
but taking scale length equal to altitude, as shown by the line on each graph, upto a
height of 400 m (the limit of the information available here) would not be inconsistent
with the data for the smoother terrains. Somewhat longer scale lengths are indicated for
the rougher terrains, particularly for the horizontal components.

4.2 Statistical discrete gust parameters

The parameters available for each component of each run which characterise the tur-
bulence in SDG terms are the values of o« and B . We have avallable two pairs of
a , A values for each run component; the first got from fitting the distribution of mod-
erate to high intensity ramps (one to four standard deviations) in a time history, and the
second from fitting the extreme ramps (four standard deviations onward).

For samples of turbulence which can be derived from one another by
(1) scaling the amplitude of the signal, and/or
(11) stretching (or compressing) the duration of the signal, and/or
(i1i) adding (or deleting) patches of quiescence in the signal,
a simple relationship holds between « , B8 and A (where A appears in Eq.(2) and is a

measure of the intensity of the turbulence in the wave length region where k = 1/3 is
appropriate). This relationship is:

aB2

A

constant
(11)

. &
a constant x (=
/ﬁ)

¥ The sensitivity setting used for the radio altimeter limited its range to just over
ﬁOO m and so the points shown above the 400 m line could be at any altitude greater than
00 m.
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See Ref 21 for the derivation of Eq.(11). Scaling the amplitude of the signal changes g
and VA by the scaling factor, so their ratio is unchanged, while « , which measures the
rate of occurrence of increments in the signal per ramp length, 1s also unchanged.
Stretching the signal has the similar effects in that B8 and YA change by the same fac-
tor (which is now a function of the amount of stretching and of k) , while o« 1is still
unchanged. Adding patches of quiescence decreases o , the same total number of
increments being diluted over a larger number of ramp lengths.

Scatter plots of a against g//A on log-log axes for each component of all
the runs, using the first o , 8 pair (that is 1-4 standard deviation fitting) are shown
in Fig 19.

There are good collapses to straight lines, particularly for the Vg and w com—
ponents, but the stralght line 1s somewhat steeper than the -2 given by Eq.(11l). T%ese
collapses are all the more remarkable when it is realised that many of the points are
derived from runs for which the value of k wused (1/3) is not the most appropriate. In
Fig 20 only those components where the slope of the power spectral density is between
-1.600 and -1.733 have been accepted. Fitting straight lines to these points and taking
average values over the three components gives

-2.53

= B
a 2.57 (/K) (12)

This line is shown in Fig 19.

A close examination of the left hand end of the three components in Fig 20 reveals
that for these high values of o the points tend to lie above the fitted lines and a
steeper slope than -2.53 might be appropriate for the high alpha region.

Eq.(12) 1is in terms of o, 8 and A . These parameters are products of the
present analysis techniques. It 1is useful to recast this equation in terms of parameters

which more directly characterise the turbulence such as:

(1) a and b , which appear in the SDG model of turbulence (see Appendix) and are
related in a simple way to « and g , Eg.(A-3), and

(i1) ¢ and L , which appear in the von Karman model, Eq.(3) and Eq.(5).

Then
85 (oy
a = 3.85 (= 13
(/K (13)

where, for the ug , head gust component

A = 0.115 o2 173 (14)
and for the vg and wg , slde and normal gust components

A = 0.153 o° 1”3 (15)

Fig 21 uses the second « , B8 pair, got from fitting the intense ramps in the
records. As each point plotted here is based on far fewer occurrences than in the pre-
ceding figures, one would expect the uncertainty in each point to be greater and thus the
much greater scatter in the points plotted. The line defined by Eq.(12) 1s shown on these
graphs. This line is not a particularly good model for these sets of data, but it should
be noted that 1t performs best (that 1s it intersects the scatter of points though its
slope is too shallow) in the o range 0.1 to 1.0 (ie logl0 (o) between -1 and 0).

This is very nearly the range of o of the points in Fig 20, and it was these on which
Eq.(12) was based. Even so, the marked differences between Fig 19 and Fig 21 tends to

indicate that the parameters which characterise the rates of occurrence of the intense

ramps in a patch of turbulence form a different family to those characterising even the
moderate to large ramps.

Returning to the data shown in Fig 19, having established this strong connection
between a , 8 and A one would clearly like to discover what determines where a par-
ticular patch of turbulence falls on the line defined by Eq.(12). To this end the time
histories of the three vg components with lowest « values are shown in Fig 22, while
the three with highest « appear in Fig 23 (similar plots could have been presented for
the ug and wg components) .

It is immediately apparent that the low « runs, Fig 22, contaln bursts of higher
turbulence activity interspersed with periods of much lower activity. 1In the case of the
v components of runs Gnat 72305 and Gnat 68901 there are periods of almost calm air
bétween the turbulence encounters. The latter run is the outlying point at the low «
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end of the Vg (centre) graph 1n Fig 19. It was gathered flying Fasterly about 11 km
south of Cailrngorm in Scotland at a radic height of 360 m (barometric height 974 m) in
cloudy weather. It 1s interesting to note that the o« and 8/YA of this outlying point
agree extremely closely with those found in Ref 22 for run 70-2 gathered by the Canadian

National Aeronautlics Establishment T33 aircraft flying into and through a thundercloud on
11 July 1977.

The high « runs, Flg 23 on the other hand, show an extremely continuous, highly
packed character. It is worth emphasizing, particularly with regard to the production of
synthetic turbulence for flight simulators, that turbulence which is this continuous is
exceptlonal; runs Gnat 69806 and Gnat 69902 ‘are the two outlying points at the high «
end of Fig 19 v component. Most atmospheric turbulence has a character resembling the

records from flight 716 (see Fig 11 for an example) the o values of which fall in the
range 0.288 to 0.496.

The above observations based on a comparison of Fig 22 and Fig 23 do, therefore,
confirm the model postulated at the start of this section. Records with low a« values,
and correspondingly high values of 8/YA , do indeed have patches of quiescence, while
high « records lack such patches completely and are highly packed in character.

The three low « runs in Fig 22 were 1n fact all at higher altitude (radio
heights 239 m, over 400 m and 363 m) while the three high o runs were at extremely low
altitudes (41 m, 27 m and 32 m). To see whether thls is a general trend Fig 24 shows
scatter plots of « against mean radio height for the points used in Fig 20 (that is with
power spectral density slope between -1.600 and -1.733), separated into smoother Fig 24a
and rougher Fig 2U4b terrains. There is no clear correlation of o« with height, nor with
terrain roughness. Plots for o against surface wind speed also showed no correlation.

5 CONCLUSIONS

The measurements of atmospheric turbulence made by Gnat XP 505 of RAE Bedford have
been described. These were mainly at altitudes below 1000 ft over a varlety of terrains
within Britain. Processing of the data which was gathered yielded about 400 runs for
which the time histories of the three components of turbulence, uncontaminated by alrcraft
motion and instrument characteristics, are available. Any deficiencies in these records
have been noted.

These 400 runs have been analysed using both power spectral density and statistical
discrete gust techniques to give a set of parameters which summarises the statistical
characteristics of the turbulence encountered during each run. Assembling the results
from all the runs confirmed the prediction of the von Karman model that the power spectral
density decays at a rate of -5/3 and, furthermore, allowed a very strong relationship
between two parameters from the statistical discrete gust technique and one from the power
spectral density technique to be identified (Eq.(12) and Fig 19).
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APPENDIX
AN INTRODUCTION TO STATISTICAL DISCRETE GUST TECHNIQUES

The purpose of SDG analysis 1s to investigate the rate at which ramp shaped gusts
occur in flight through a turbulent atmosphere. The aim 1s to quantify the rate of
occurrence of ramps which are bigger than a specified size and have length in a specified
range, Fig 25. Such rates of occurrence can be used in theoretical studies of aircraft
response to turbulence; it is particularly important to be able to quantify the rate of
occurrence of big ramps with a length which, in some way, 'tunes' with the aircraft
dynamics, so producing a violent response which leads to crew discomfort or even struc-
tural damage.

We define N'(H,w)dH to be the number of ramps (or more accurately 'smooth
increments') encountered per unit distance with length in the range H to H + dH and
size greater than w , Fig 26. An example of an analytic form for N' which has been
found applicable to many atmospheric turbulence measurements is

N'(H,W) = E5exp (- ), (1)
H
bH
where
a is a dimensionless parameter defining the overall rate of occurrence of smooth
increments,
b is an intensity parameter defining the amplitude distribution of smooth increments
(b has the dimensions velocity/lengthk), and
k is a dimensionless scaling parameter which defines the relative intensity of smooth

increments of differing lengths.

Fig 27 gives an impression of the surface defined by Eg.(A-1) and its
interpretation.

To investigate the form of N' which describes a given time history requires a
technique for quantifying the number and size of ramps in the record, followed by a means
of fitting postulated analytic models to the observed distribution and identifying para-
meters in the models (such as a , b and k 1n Eq.(A-1)). One approach would be to
attempt to detect and count the occurrence and size of smooth increments present in a time
history for a specified set of length ranges. However, a more convenient and quicker
method has been described in Ref 15. In this method, digital smoothing filters are
applied to the sampled record to remove increments which are only maintained for an inter-
val much shorter than a specified interval S (le a low pass filter in the frequency
domain), and the filtered record is differenced over a length S (ie the sample value at
a distance S behind is subtracted from each sample; a high pass filter in the frequency
domain). After this smoothing and differencing the occurrence and size of peaks¥* (or
troughs) in the signal is counted. The result, for a particular choice of S , is an
observed cumulative distribution n(S,x) of the number of peaks or troughs per unit
distance of size greater than x , for a series of levels of x . The analysis is usually
carried out for a number of different values of S .

Using this method means that the relationship between the distribution n(S,x) of
peaks and troughs in the smoothed differenced signal has to be related to N'(H,w) which
is the distribution of smooth 1lncrements in the original record. The extrema in the
smoothed, differenced signal will in fact arise from ramps with lengths H 1in a band
surround S . The width of this band, S will depend on the filters used.

As an example of the relationship between n(S,x) and N'(H,w) , if the latter has
the exponential form of Eq.(A-1), then for large «x

n(s,x) = 5z exp (- — , (A-2)
gEFS
where = 0.89a {these corrections are to allow for the exact distribution} (A=3)

b/1.12 'of n(S,x) Dbelng approximated by an exponential form,

depends on the range of ramp lengths let through by the filtering, the range
effectively has a width &S = S/x ,

and F depends on the attenuation caused by the filtering, so w = x/F .

> ®e

* Hence the name "Peakspotter', although this is only a part of the computations carried
out.
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The derivation of Eq.(A-2) from Eq.(A-1) relies on x belng 'large', and so might
not be valid for low Iintensity ramps, see Appendix C of Ref 15.

Rearranging and taking logarithms, Eq.(A-2) gives

log ASn(S,x) = 1log a --% T (A-4)
P

Analysis of a given record for a set of values oq( S and a series of values of x
(at each S) yields pairs (x,n(S,x)) . Plotting x/FS against log ASn(S,x) should
for each 8 produce points on a straight line and, furthermore, with the correct choice
of k the points will collapse on a single straight line for all values of S . The
single straight line has a slope -1/8 and intercept 1log a , from which a and b may
be derived using Eq.(A-3).

In the above discussion it has been assumed that a, b and k 1in Eq.(A-1) are
independent of H . In practice 1t may be necessary to use several values of k
corresponding to different ranges of values of H .

It can be shown19 that if s(x) 1is the local slope of the power spectral density
curve (plotted on log-log axes) at the wave number corresponding to a particular value of
H (ile at a wave number « of 1/2H) , then the value of k to use at that H is

k(H) = :_Eiglﬁz_l (A=-5)

PSD plots thus give a good guide13

value of k +to use in each range.

to the ranges of H in which k 1s constant and the
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Table 1

Terrain Roughness Ratings

Symbol Rating Description Exawmples
A o} Sea well away from land
v 1 Sea just offshore
+ 2 Flat land East Anglian Fens
X 3 Not hilly Bedfordshire
0 4 Rolling hills Cotswolds, Severn valley
0 5 Hills with peaks up to 2500° Mid Wales, N.Scotland
O 6 Hills with peaks up to 30007 South Wales, Brecon Beacons
* 7,8 Mountains with peaks over 3000° W.Coast Scotland

Symbols are used in figures 17, 18 and 24. Ratings up to 3.5 are considered to
be ’esmoother’ terrains and over 3.5 are *rougher’.

Copyright @) Controller HMSO London 1986



TABLE 2a
I11W Use-file I11WTURB

I1IWTURB Configures I11W to read data from GNAT TURB files.

No input parameters are required, and no parameters are changed by this
USE-file.

OOO0OO0

Dr G.W.Foster FS(B)l R.A.E.
ADDRESS GENERAL AERO SECTION,FS{(B)1,RAE BEDFORD

C Observation files start with 6 header records. Print 1,2,4,5 & 6 and also

C try to interpret record 4 as an I11W instruction {(in fact this record

C carries the speed, radio and baro heights)...

HEADER=6 REC1 1 89 REC2 1 52 REC3 & @ REC4* 1 52 REC5 1 12¢ REC6 1 128

C Each data record carries a time and four samples {(of each component)...
LAYOUT TIME,SAMPLES 4
C As the original sampling was at an excessive rate { 256 samples/sec after
C passing through 25 Hz antfaliasing filters ), smooth and thin to half this
C rate as data is read...

OBS INERT RATE=256

ALTER 2 3 ©#.25 #.5 #.25

C Reset { If possible & necessary ) number of points which can be acquired..
SIZE MAX=12900

C Use a block size of 512 when carrying out Fast Fourfer Fourier transform
C { with sampling rate reduced to 128 by ALTER this gives 4 second blocks and
C a frequency resolution of #.25 Hz). Also overlap blocks by 58X and remove
C 1linear trend from each block ...
FFT BLOCK 512 OVERLAP £.5 DETREND INERT

C When fitting Broad Band PSD estimates and Cumulative Distributions only

C wuse the first 4 patterns. Don't fit PSD’s beyond 2% Hz and restrict range

C of FFT PSD estimates used in fitting to that covered by Broad Band points

C that are being fitted...

RANGES PATTERNS 1 4 FREQ 1.Q0E-192 20.2 TIED

C When fitting PSDs ignore FFT estimates and only fit Broad Band estimates that
C arise from PDA (Pattern Detector Algorithm) ...

WEIGHTS FFT #.2 PDA 1.8

P

P Setup by I11WTURB completed.
P

EXIT

SI-T



Table 2b
I11W Use-file I11WRUN

I1IWRUN To carry out a standardised analysis on the three components
of a Gnat turbulence sampling run. Plotting is produced and results are
appended to FITTABLES for each component.

Parameter usage { * mandatory, others optional i.e. may be null ) :-
* F=Run name {(eg GNAT 53501). File name is got by concatenating (/TURB) .
E=Extra clauses to go in OBS instruction (eg UPTO 9g£.0).
P=Minfnimum number of peaks or troughs on which a point in the U component
Cumulative Distribution must be based for point to be taken into account
during FIT CD. Default is § if P is null.

N.B. I11WTURB should have been used for setup before using I11WRUN
Dr G.W.Foster FS(B)!l R.A.E.

%XF HEAD GUST , Ug

FORTRAN format required to pick out Ug from data records and pass a TYPE of
Nose Probe Miniature Pitot Ug to any tables produced ...

FORMAT{(F8.3,4{F6.2,12X)) TYPE=NP MP UG

C Read Ug observations

OBS XE FILE X%F

C Carry out Fast Fourier Transform and Pattern Detector Algorithm for Power

OO0 OOO00O00O0O0CGOOO0O0O0

C Spectral Density and Statistical Discrete Gust type of analysis respectively..

FFT

PDA
C When fitting CD only fit points from 1 to 4 sigma ( std devns ) and for
C Ug minimise the effects of spurious steps caused by operation of
C pneumatic equalisation valve { see P= above ) ...

RANGE LEVELS 11 49 PEAKS X%XP &5
C Now fit a straight 11ine of fixed slope -5/3 to the PSD estimates that are
C within ranges {using relevant factor to estimate sigma_bar for a standard
C scale length of 2588°=762m) ; also fit CD to estimate alpha and beta

FIT PSD SLOPE=-1.667 FACTOR=26.95 & CD
C Plot FFT and Broad Band PSDs {(with fitted 1ine), CD {(also with its fitted
C 1ine), and Single Most Intense Increment {(with projection of fitted CD
C 1line,) then append characteristics of fitted lines to Ug FITTABLES...
PLOT THREE

TAB FITS FILE FITTABLES{/UG)
C Now fit CD points from 4 to 8 sigma and the PSD with a 1ine of any slope
C and add results to FITTABLE{/UG)...

RANGES LEVELS 41 81

FIT PSD FREE & CD

TAB FITS

91-2



Table 2b {concluded)

T %XF SIDE GUST , Vg
C Reread observation file with new FORMAT to access Nose Probe Conrad
C VYawmeter based Vg.

FORMAT(F8.3,4(6X,F6.2,6X}) TYPE=NP CY VG

OBS

FFT

PDA
C Do not restrict number of peaks & troughs required for a point to be fitted
C as miniature pitot valve operations do not effect Vg ...

RANGE LEVELS 11 44 PEAKS 1

FIT PSD SLOPE=-1.667 FACTOR=23.35 & CD ! FACTOR is different for along path

! spectrum Ug to that for across path
! spectra Vg and Wg )}

PLOT THREE

TAB FITS FILE FITTABLES({/VG)

RANGE LEVELS 41 81

FIT PSD FREE & CD

TAB FITS

T %F NORMAL GUST , Vg
FORMAT(F8.3,4(12X,F6.2)) TYPE=NP CY WG
0BS
FFT
PDA
RANGE LEVELS 11 48
FIT PSD SLOPE=-1.667 FACTOR=23.35 & CD
PLOT THREE
TAB FITS FILE FITTABLES(/WG)

RANGE LEVELS 41 81
FIT PSD FREE & CD
TAB FITS

C Tidy up where appropriate ...
RANGE LEVELS 1 81
TAB RESET

P
P Completed Il1WRUN’'standard analysis of X%F
EXIT

L1-T



Run

GNAT 71681

GNAT 71682

GNAT 71603

GNAT 71604

Radio

ht.

172

129

349

1109

Sigma Sigma

obs
m/s

1.27
1.74
1.89

1.35
2.08
1.28

1.08
1.71
1.17

1.38
1.94
1.84

NOTE

bar
m/s

1.54
2.59
2.22

1.97
3.82
2.51

1.36

Values shown

L
m

425
231
473

247
223
121

376
424
167

282
248
328

Table

3

Results from GNAT flight 716

PSD slope

-1.688 (0.033)
-1.668 (9.007)
-1.564 (0.918)

-1.668 (2.003)
-1.828 (£.007)
-1.522 (£.0832)

-1.657 (£.935)
-1.665 (2.002)
-1.647 (@.0922)

-1.726 (@.016)
-1.678 (£.0215)
~1.475 (0.028)

Fitting 1 to 4 std devns
alpha

2.338
#.369
2.309

2.331
#.366
#.308

2.431
2.496
2.288

@.342
#.425
2.292

(g.912)
(9.923)
(9.9212)

(9.912)
(0.029)
(0.025)

(9.219)
(2.043)
(2.009)

(g.914)
(2.9827)
(2.924)

beta
m/s / m™1/3

@.128
2.238
@.225

2.164
2.275
#.251

2.183
B.175
2.197

#.176
9.258
B.247

(£.001)
(9.9084)
(2.003)

(9.902)
(9.004)
(9.006)

(9.001)
(9.004)
(9.002)

(9.002)
(0.9004)
(g.086)

Fitting 4 to B std devns
alpha

2.055
B.817
2.040

B.747
2.173
g.918

1.516
0.936
2.943

8.115
@.235
g.919

(g.825)
(2.004)
(g.208)

(.341)
(9.073)
(9.004)

(9.0949)
(0.0288)
(2.005)

beta
m/s / m™1/3

g.186
2.487
2.348

#.158
f.298
2.500

2.987
B.164
2.391

2.2098
2.279
2.477

in parentheses are standard deviations on preceeding estimates

(0.220)
(£.225)
(g.815)

(P.818)
(g.020)
(2.931)

(9.914)
(g.0822)
(g.014)

(9.08309)
(fg.0186)
(9.834)

81-C
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Fig 3 Ground tracks of runs from flight 716
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